One sentence summary: Environmental/habitat setting affects genetic variation in lichens, but the putative dissimilarity in their contrasting reproductive mode is less important than previously assumed.
INTRODUCTION
Population genetic variation, including genetic diversity and structure, is one of the fundamental aspects of biodiversity, providing a foundation for conservation strategy (Frankham 2005) . Genetic variation allows populations to survive a changing environment through evolutionary adaptation (Chevin, Lande and Mace 2010) , as has been shown in the population response to climate change (Hoffmann and Sgrò 2011) . The environment, mostly described by abiotic factors, can thus be explicitly considered in population genetics (Savolainen, Lascoux and Merilä 2013; Wang and Bradburd 2014) . Patterns of genetic variation are affected by the interaction between a species' biology, such as the reproductive mode and breeding system (inbreeding and outbreeding) and/or dispersal traits (Hamrick et al. 1991) , and environmental/habitat setting (abiotic factors), including the extent and connectivity of a suitable habitat (Wang and Bradburd 2014; Epps and Keyghobadi 2015) . There are relatively few ecological guilds for which patterns in population genetic variation have been established to a point at which generalisations can be inferred, with animals and vascular plants perhaps being exceptions (e.g. the traditional animal vs plant dichotomy reflected in Vellend et al. 2014) . For the vast majority of biodiversity, including non-vascular plants and fungi, knowledge of population genetics is currently restricted to a small number of 'model organisms'.
Lichen epiphytes provide a case in point. Lichen epiphytes are diverse and important in forest ecosystems, sequestering water (Knops, Nash and Schlesinger 1996) and growth-limiting nutrients (Levia 2002) , and providing food and habitat for invertebrates (Ellis 2012) . Epiphytes also provide an excellent model for population genetics, since they tend to occur on putative islands (trees), which are tightly clustered into patches (forest stands) over a fragmented and discontinuous landscape. This is a tractable system for understanding how populations are restricted by the output, dispersal range or establishment of propagules (Snäll, Ehrlén and Rydin 2005) . The main body of information on epiphyte population genetics is derived largely from studies on a single lichen fungus-Lobaria pulmonariawhich has formed the foundation for pioneering work in epiphyte conservation biology (Scheidegger and Werth 2009; Werth 2010) . Lobaria pulmonaria was one of the first lichens for which fungus-specific microsatellite markers were developed (Walser et al. 2005) , although it has the relatively unusual attribute of being a tripartite lichen (i.e. two photosynthetic photobionts; a primary green algal photobiont in addition to cyanobacteria in internal structures called cephalodia), with a dual reproductive mode that can for the same individual thallus be sexual (via small, recombined fungal spores) or asexual (via larger cloned diaspores containing fungus plus alga). Direct molecular detection, and partitioning of genetic diversity patterns derived from sexual spore dispersal, compared to clonal diaspores, suggests that spores may disperse frequently over longer distances (Werth et al. 2006a,b; Ronnås et al. 2017) . Population genetic results for L. pulmonaria indicate low differentiation among populations and high genetic diversity within populations (Otálora et al. 2011; Hilmo et al. 2012) , consistent with effective dispersal (Werth et al. 2007) , though also reveal significantly reduced genetic diversity characterising smaller populations in fragmented and managed woodland stands (Jüriado et al. 2011; Otálora et al. 2011) .
Advances in the study and interpretation of lichen genetic variation benefited from additional depth: addressing fungal breeding systems (Singh et al. 2012) , phylogeography and comparative genetic structure of lichen symbionts (Nadyeina et al. 2014) and photobiont selection/transmission Werth and Scheidegger 2012) . Nonetheless, most of the knowledge is based on L. pulmonaria, and additional studies using other lichenfungal species do not incorporate different dispersal modes in comparisons (Alors et al. 2017; Dal Grande et al. 2017; Rolshausen et al. 2017) . To fill this gap, there has been a recent surge in development of fungus-specific microsatellite markers for lichen epiphytes (see, for example, Mansournia et al. 2012 , Alors et al. 2014 , Tõrra et al. 2014 . These developments encompass a range of species that differ both ecologically in terms of their environmental/habitat requirements and in their reproductive mode and dispersal traits; accordingly, niche differences among these species make it particularly difficult to isolate the consequences of divergent reproductive/dispersal strategies within equivalent landscapes.
In this study, we examine variation in genetic diversity and structure across a steep climatic gradient in Scotland, by using fungus-specific microsatellite markers of two wellcharacterised Nephroma species. Both species have oceanic to boreal-montane distributions, are common in ancient woodlands in Europe and are sensitive to SO 2 pollution (Smith et al. 2010) . They are each monophyletic lineages, which are closely related but not sister species Sérusiaux et al. 2011) , as well as ecologically similar (Belinchón, Yahr and Ellis 2015) . Morphologically they are very similar, and both have cyanobacteria (Nostoc spp) as photobionts, but they differ in their primary reproductive mode and dispersal traits, as observed in the field: Nephroma laevigatum is sexually reproducing and spore-dispersed, with abundant apothecia and spores (17-20 × 5-7 μm), although asexual reproduction may also occur occasionally through thallus fragmentation (Smith et al. 2010) . Nephroma parile is predominantly asexual (<1% of recorded observations in Scotland have apothecia, Simkin 2012) and dispersed by abundant clonal diaspores (soredia of ca.150 μm) (Smith et al. 2010) . Asexually reproducing lichens disperse both symbionts together (facilitating establishment), but their propagules are larger compared to those of sexually reproducing species (high dispersal ability). There is a presumed ecological trade-off between dispersal ability and successful local establishment, although how this trade-off influences population genetics remains unclear. The Nephroma case study can provide novel information on how environmental/habitat setting might affect population genetics by using species with contrasting dispersal traits, while minimising other interspecific differences that might confound an ability to recognise this signature of dispersal.
First, we examined the prevalence of clonal reproduction in the two target species and the consequences for genetic variation across the landscape. The contribution of clonal reproduction in fungi is often high and may be important for local population dynamics (Taylor et al. 2015) , while sexual recombination via the production of spores is suggested to be important for genetic diversity (Werth 2010) . For instance, Ronnås et al. (2017) found that clonal propagules of L. pulmonaria facilitated a high rate of local population establishment, whereas recombinant genotypes that are dispersed over long distances were better adapted to increasingly changing environmental/habitat conditions. Second, we tested if within-population genetic diversity for these species is consistent with isolation by distance or whether diversity values correlate with environmental/habitat variables, including climate, present-day and historic woodland connectivity or stand-scale habitat quality. Patterns of isolation by distance versus isolation by environment have only recently been examined in studies of ecological and landscape genetics (Wang and Bradburd, 2014) and provide valuable opportunities to understand the role of environment on genetic variation, independent of geographic distance. Third, considering genetic variability both within-and between-populations, we examined evidence for a pattern of genetic structure in relation to environmental/habitat variables. This is proposed on the basis of recent studies, which described contrasting gene pools segregated along environmental gradients (Nadyeina et al. 2014; Otálora et al. 2015; Dal Grande et al. 2017) to infer local adaptation. If genetic variation is shown to be segregated among different parts of a species' range, then local genetic adaptation may become a specific consideration in response to environmental change (Anderson, Panetta and Mitchell-Olds 2012) .
MATERIALS AND METHODS

Sampling
The study was conducted across 14 sites of mixed broadleaved woodland positioned along a steep bioclimatic gradient in Scotland ( Fig. 1; Table 1 ). All the sites were designated as Sites of Species Scientific Interest within the UK's conservation network (http://gateway.snh.gov.uk/sitelink/index.jsp). Up to a maximum of 20 thallus fragments (hereafter 'individuals') for each target species were collected per site (together considered to be a 'population') to yield a total of 386 individuals. This included 202 N. laevigatum and 184 N. parile individuals from 180 and 160 trees, respectively, with sampled trees constrained to a minimum of 5 m apart in most cases. However, for sites where target species were less common, maximally two individuals were sampled per tree from different sides of the trunk to reduce the chances of sampling the same genetic individual.
Ecological variables
In order to characterise the most important environmental/habitat variables, the sampling protocol for population genetics included the measurement of effects that have previously been shown to explain the occurrence of each Nephroma species using niche models (Belinchón, Yahr and Ellis 2015) . This included the interaction between annual precipitation and presence of other cyanolichens, i.e. those with overlapping photobiont specificity for the same Nostoc genotypes (N. laevigatum), or annual precipitation, distance to water and bryophyte cover (N. parile). Values of annual precipitation were derived for each site on the basis of interpolated instrumental measurements at a 5-km scale, for the baseline period of 1961-2010 (Perry and Hollis, 2005) , with distance to water (metres) of individual sampled trees, bryophyte cover estimated up to 2-m height on the bole for four quadrants and with a presence score for associated cyanolichens on the same tree.
We also aimed at quantifying the effect of habitat connectivity on genetic diversity by measuring the mapped extent of broadleaved woodland at Ordnance Survey resolutions of 1:50 000 scale for the present-day landscape and at the comparable scale of 1 inch to the mile for the mid-19th century (Roberts et al. 1992; Whittet, Hope and Ellis 2015) . To facilitate comparisons between modern and historic (non-digital) mapping, woodland cover was examined using a transparent overlay of contiguous polygons, each with an area ca. 4 ha. With the sample site positioned centrally, polygons covering a circle (buffer) with a radius of 500, 1000 or 2500 m were counted. Adapting methods published by Ellis and Coppins (2007) , connectivity was quantified as the total extent of woodland in the buffer and the proportion of this woodland that included an edge (i.e. a fragmentation index). The 19th-century maps included areas of closed cover woodland and areas of scattered trees corresponding to pasture woodland (Whittet, Hope and Ellis 2015) . Areas of pasture woodland were treated as a half value of the closed cover woodland when calculating extent and were not included in the calculation of fragmentation.
We identified strong correlations among our estimates for woodland extent and fragmentation at different spatial scales within a given time period. Woodland extent at the intermediate value of 1000 m was therefore used to characterise differences among the present-day and historic landscapes (Table S1 , Supporting Information).
DNA extraction and sequencing
Total genomic DNA was extracted from dried thallus material ground in liquid nitrogen. Total DNA was extracted using the DNeasy 96 plant kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol modified by increasing initial lysis incubation to 1 h at 70
• C. PCR reactions were set up according to the methods reported in Belinchón, Ellis and Yahr (2014) . For the fragment analyses, 1 μL of 1:20 diluted multiplex products was used. PCR products were sized on an ABI3730 Genetic Analyzer (Applied Biosystems, Foster City, California, USA), and genotypes were assigned with a GeneScan 500 LIZ Size Standard (Life Technologies, Carlsbad, California, USA). Genotypes were assigned with GeneMapper software for automated allele calling, and each sample was checked manually.
For each species, a subsample of randomly selected individuals was used for cross-validation of fragment analyses (96 samples). Total genomic DNA from the subsample of individuals was extracted a second time, and PCR products from both extractions were compared, showing that both results were consistent.
Genetic analyses and clonality
Genetic analysis was based on 12 fungal microsatellite loci for N. laevigatum and 14 fungal microsatellite loci for N. parile (Belinchón, Ellis and Yahr 2014) ; these markers have no matches to cyanobacterial genomes and were developed for each species separately. Microsatellite loci were highly polymorphic and provided high-resolution even at a relatively small geographic scale in preliminary studies (Belinchón, Ellis and Yahr 2014) . From the tested marker set (Belinchón, Ellis and Yahr 2014) , two loci for N. laevigatum (NL01 and NL06) and two loci for N. parile (NP04 and NP14) failed to amplify in most of the samples and were removed from subsequent analyses. The number of loci per species was thus reduced to 10 and 12 for N. laevigatum and N. parile, respectively (Table S2 , Supporting Information).
We analysed a total of 191 N. laevigatum and 182 N. parile individuals, having excluded 11 N. laevigatum and 2 N. parile samples with very noisy electropherograms. Genotypes were identified manually and with the aid of the software GenAlEx v. 6.41 (Peakall and Smouse 2006) . When assigning genotypes manually, samples with missing data were assigned to a new multilocus genotype (MLG) only when all other known MLGs could be eliminated as possible genotypes. Where samples with missing data could not be assigned to an existing MLG, these were excluded from further analysis (Gitzendanner et al. 2012) . Clones and the probabilities that they were derived independently from sexual recombination (P sex ) were identified using GENCLONE v. 2.0 (Arnaud-Haond and Belkhir 2007) using only samples with no missing data, and with sampling units combined into the genepools found using DAPC (see Analyses of Genetic Structure below).
Genotypic linkage disequilibrium (LD) was computed using GENEPOP v. 4.4 (Raymond and Rousset 1995) . LD among locus pair combinations was assessed using a Markov Chain approximation of Fisher's exact test (Weir 1996) . Significance levels were subsequently adjusted using sequential Bonferroni correction (Rice 1989) . The presence of non-random association of alleles at different loci, or LD, was also tested using the overall index of association (I S A ) as implemented in LIAN 3.1 (Haubold and Hudson 2000) by using 10 000 randomisations. 
Genetic diversity
Measures of genetic diversity per population included the average number of alleles per locus (N a ), the number of private alleles (P) and Nei´s unbiased gene diversity (H), calculated with GenAlex v. 6.5 (Peakall and Smouse 2006) . The number of multilocus genotypes (MLG) and the percentage of multilocus genotypes (M) were calculated using codes originally written by Werth et al. (2006a) for R (R Core Team 2013). Allelic richness (Ar; El Mousadik and Petit 1996), standardised to the smallest population size by rarefaction, and the fixation index (F ST ) were calculated using FSTAT v. 2.9.3.2 (Goudet 2001) . Allelic richness (Ar) was calculated for the full data set as well as with clonecorrected data (Table S3 , Supporting Information). The genetic differentiation among populations and pairwise F ST values (Weir and Cockerham 1984) were calculated using FSTAT, according to Rousset (1997) . We tested the significance of F ST deviations from zero using permutation with 1000 randomisations.
Ar was corrected for sample size (Petit, El Mousadik and Pons 1998) and used with Nei's unbiased gene diversity (H) as our genetic diversity response variables. These were then compared using ordinary linear regression (OLS) to habitat connectivity (the preselected uncorrelated woodland connectivity metrics) along with environmental/habitat variables previously shown to characterise the niche of each Nephroma species in Scotland: annual precipitation and a measure of local habitat quality (as a species' likelihood of occurrence, Belinchón, Yahr and Ellis 2015) . Local habitat quality was calculated as an average for each sample site, having projected the previously published niche models onto the sampled field data (e.g. distance to water, bryophyte cover, presence/absence of cyanolichens) collected for each individual Nephroma thallus. OLS was implemented in R (R Core Team 2013) with stepwise selection to optimise a full model and the 'hier.part' package (Walsh and MacNally 2015) to quantify the unique and shared variance explained among the retained Table 1 . Environmental variables used in regression models to explain genetic diversity and genetic structure of N. laevigatum (Nl) 
Analysis of genetic structure
We used discriminant analysis of principal components (DAPC, Jombart, Devillard and Balloux 2010) to describe gene pool clusters, computed with the 'adegenet' package (Jombart 2008) in R (R Core Team 2013). For each species, the analysis extracted principal components summarising variation in a matrix of specimens by allelic diversity for all microsatellites. Initial analysis extracted all principal components (PCs), with the number of retained PCs based on an optimised α-score that tested the correct reassignment of samples to known groups (populations at woodland sites). The optimum α-score was additionally tested by examining plots for the % correct reassignment of samples over a range of α-score values and correlating the discriminant functions (axis eigenvalues) for different numbers of retained PCs. Using the optimised α-score, the discriminant analysis of retained PCs was performed for all discriminant functions, which is appropriate for a small number of potential clusters (Jombart 2008) . For the DAPC plots, means and variances of scores (maximum-minimum) were used to encompass the distribution of points corresponding to individuals in each of the 14 woodland sites (populations). Analysis of molecular variance (AMOVA) was used to quantify the genetic structure of Nephroma populations partitioned within and among each of the gene pools using the structure suggested by DAPC and calculated using ARLEQUIN v. 3.5 (Excoffier, Smouse and Quattro 1992) . Significance of the results was tested using a non-parametric permutation approach with 1000 randomisations. Overall per-population population differentiation was tested using bootstrapping in FSTAT v. 2.9.3.2 (Goudet 2001) .
Isolation by distance (IBD) among populations was evaluated using a Mantel test to compare the genetic distance as measured by F ST / (1-F ST ) with the natural log of geographic distance. Mantel tests were calculated using the 'mantel' function implemented with the 'vegan' package (Oksanen et al. 2013) in R (R Core Team 2013), with significance assessed with 1000 randomisations. We also tested IBD when using the environmental effects explaining genetic structure (see below) as covariables in a partial Mantel test (Legendre and Legendre 2012) .
Genetic structure-summarised as eigenvalues along discriminant function axes 1 and 2-was treated as a response variable and compared to the environmental/habitat variables characterising the niche of each Nephroma species in Scotland (Belinchón, Yahr and Ellis 2015) . To control for our nested design, because individuals were sampled from spatially discrete sites, a generalised linear mixed effect model (GLMM) compared the genetic structure (eigenvalues) to previously identified fixed effects (e.g. annual precipitation, distance to water, bryophyte cover), using site identity as a random effect. The GLMM was implemented with the 'lme4' package (Bates et al. 2015) in R (R Core Team 2013). Fixed effects and all two-way interactions were sequentially dropped from a full model using likelihoodratio tests to minimise Akaike's Information Criterion (Zuur et al. 2009 ). An optimised model was compared to a random-effects model. The analysis accounted for isolated gene pools through its separate consideration of genetically discrete clusters.
RESULTS
Genetic diversity and clonality
All loci were polymorphic in our study, as was found by Belinchón, Ellis and Yahr (2014) , with a mean number of alleles of 9.4 and 5.5 for N. laevigatum and N. parile, respectively (Table  S2 , Supporting Information). For N. laevigatum, the average number of alleles (N a ) per population was 3.62, gene diversity (H) ranged from 0.3 to 0.69 and the number of multilocus genotypes (MLG) ranged from 5 to 18 (Table 2 ). For N. parile, the average number of alleles (N a ) per population was 2.20, gene diversity (H) ranged from 0.08 to 0.49 and the number of multilocus genotypes (MLG) ranged from 2 to 8 (Table 2) . Allelic richness per population corrected for minimum sample size was 2.92 and 2.09 for N. laevigatum and N. parile, respectively (Table 2) . Overall, 11 of the 14 populations exhibited at least one private allele; for both species, four of the sampled populations showed more than two private alleles (Table 2) .
We identified 132 MLGs for N. laevigatum, with 25 genotypes that occurred at least twice (Table S4 , Supporting Information). A : standardised index of association (P value). annP: annual precipitation (mm); Conn-pd: connectivity values at 1000 m for the present-day landscape (proportion of woodland extent); Conn-h: connectivity values for the historic (19th-century landscape); HQ = mean projected habitat quality for the site based on Belinchón et al. (2015) .
All but three of 132 N. laevigatum MLGs were restricted to a single population; these exceptions were all found in nearby populations within about 15 km of one another (Table S4 , Supporting Information). In the case of N. parile, we recorded 51 different MLGs, 20 genotypes occurred at least twice, 4 genotypes were shared by two of the individual populations, 4 genotypes were shared by more than two populations, with one of those shared by eight populations (Table S4 , Supporting Information), and 5 MLGs shared among populations up to 150 km distant in widely spread geographic areas (Table S4 , Supporting Information). We were unable to use the tests for independently derived probability of sexual derivation (P sex ), which are based on sexual populations assuming Hardy-Weinberg equilibrium (HWE). The index of association (I S A ) was significantly different from zero in most of the populations, indicating that both species have a highly significant linkage disequilibrium (P < 10 −4 ; Table 2 ). For the presumed sexually reproducing N. laevigatum, over 25% of individuals were clones, while for N. parile this increased to 60%. Considering paired individuals sampled from the same tree, there were 23 trees with two N. laevigatum thalli collected (12% of sampled trees included in the analyses, for a total of 46 thalli); of these, thalli were identical for 6 trees (26% of cases). There were 26 trees with two N. parile thalli collected (14% of the sampled trees included in analyses, for a total of 52 thalli); of these, thalli were identical for 13 trees (50% of cases), similar to the overall proportion of clones per species.
Analysis of population genetic diversity
Variance partitioning identified the unique and shared variance explained by alternative environmental/habitat variables (Fig. 2) . Higher values of habitat quality were important in explaining increased genetic diversity measured using H and Ar for N. laevigatum. The positive influence of habitat connectivity switched between the present-day landscape for H and the historic landscape for Ar. Considering the relative contribution of each individual variable, habitat quality explained more variance overall, and the conjoint effects of interactions between all tested variables were small by comparison. In contrast for N. parile, annual precipitation and present-day habitat connectivity explained genetic diversity measured using either H or Ar, with annual precipitation having the greater unique contribution (note genetic diversity decreasing as annual precipitation increased) and with suppression among the variables leading to negative conjoint effects. Plots showing the independent variance uniquely explained by fixed effects retained in optimised regression models to explain population genetic diversity, H and Ar (cf. Table 2 ). Values associated with the bars show the estimated direction and relative sensitivity to fixed effects based on standardised data.
Population genetic structure
Analysis of genetic structure using discriminant analysis of principal components (DAPC) was based securely on the optimised α-scores (19 PCs, Figs. S1 and S2, Supporting Information) and demonstrated a continuum of genetic variability for N. laevigatum (total variance explained 79%; Fig. 3A) , with one distinct but small gene pool cluster for N. parile that was associated with individuals from the Dulsie Bridge sample site (total variance explained 94.9%; Fig. 3B ). A total of 10 and 11 discriminant functions were saved for N. laevigatum and N. parile, respectively. In both cases, DAPC separated populations along the first principal component axis (N. laevigatum eigenvalue = 50.44; N. parile eigenvalue = 215.5), while the second axis represented less variability of the overall genetic variability accounted for in the discriminant analyses in both species (N. laevigatum eigenvalue = 28.56; N. parile eigenvalue = 25.72).
AMOVA utilising the structure inferred from DAPC showed that a relatively high proportion of variation in genetic structure was found among populations (22.6% for N. laevigatum, and 15.2% for N. parile; Table 3), while for N. parile this variation in genetic structure was higher still among gene pools (27.1%, Table 3 ). Using Mantel tests, genetic differentiation among populations was not correlated with distance in either species; for N. laevigatum (191 individuals), r = -0.014 and P = 0.5, for N. parile (182 individuals) r = 0.105 and P = 0.264. Overall differentiation at the per-population level had overlapping 95% bootstrapped confidence limits using bootstrapping (0.190 < θ < 0.255 for N. laevigatum, 0.193 < θ < 0.292 
for N. parile).
Analysis of environmental variables using GLMM showed that annual precipitation was significant in explaining the genetic structure of N. laevigatum ( Fig. 4A and 4B ). In the case of Nephroma parile, having removed the genetically distinct individuals for the Dulsie Bridge population, we found that the species genetic structure was unrelated to climatic or habitat quality effects for axis one, and a full fixed effects model was no better than a random effects model (χ 2 = 4.7, P = 0.58 with 6 df). However, an optimised model for axis two retained annual precipitation as significant (Fig. 4C) . Partial mantel tests showed no isolation by geographical distance (r = −0.019, P = 0.57), but near-significant associations were observed between genetic differentiation and environmental/habitat variables (habitat quality; r = 0.289, P = 0.056) for N. laevigatum. For N. parile, tests did not show significant partial effects of geographic distance (r = 0.030, P = 0.43) or environmental effects (annual precipitation; r = 0.075, P = 0.38).
DISCUSSION
Our results showed that lichen-fungal genetic diversity and structure is related to environmental/habitat setting, including climatic gradients, and reproductive mode. Recent studies confirmed the importance of reproductive mode affecting the genetic diversity of lichen-forming fungi (Wornik and Grube 2010; Alors et al. 2017 ). Our study is based on different and independent microsatellite sets for examination of the population genetics of each species; therefore, we cannot directly compare genetic diversity at shared loci across species. However, with a marker set of 10 or more loci amplified using the same protocols from across each fungal species' genome, a cautious interpretation of our results points to reproduction and dispersal in shaping observed population genetic variation, overlaid with environmental and habitat drivers.
Importance of clonality
In our study and consistent with trends in mating systems across fungi (Taylor et al. 2015) , both species appear able to establish via both sexual and asexual propagules, but with differences in degree of clonality observed. Even for the predominantly sexually reproducing N. laevigatum with abundant apothecia and no apparent asexual propagules, clonal reproduction does appear to play a role in explaining genetic variation with approximately one-fourth of samples sharing identical MLGs. For instance, we found N. laevigatum clones mostly within populations (or in three cases within about 15 km) corroborating the hypothesis that relatively large thallus fragments may enable lichens to disperse and re-establish only at short distances (Barkman 1958; Honegger 1996; Heinken 1999; Itten and Honegger 2010) . In contrast, for N. parile, we found identical MLGs both within and among populations, and up to 140-km apart, presumably because of the small propagule size (soredia of ca.150 μm), indicating that smaller propagules are able to disperse longer distances. Without genotyped progeny data, we are unable to assess the mating system in these fungi; however, our results suggest that in terms of the functional effect on genetic variation, the putative dissimilarity among the study species in their predominant reproductive mode is less important than has been previously assumed (Mattsson and Lumbsch 1989; Otto and Lenormand 2002; Normark, Judson and Moran 2003; Charlesworth 2012) , i.e. suggesting a degree of clonality in both sexual and asexual species.
One cannot rule out the possibility that N. laevigatum has a homothallic or a mixed mating system, potentially reducing Table 3 . Analyses of molecular variance (AMOVA) computed in ARLEQUIN for Nephroma laevigatum (n = 191 individuals, based on 10 microsatellite loci) and Nephroma parile (n = 182 individuals, based on 12 microsatellite loci). P-value estimates are based on 1000 permutations. the frequency of outcrossing. This agrees with the earlier finding of facultative homothallism or opportunistic outbreeding in two sexually reproducing lichen fungi (Murtagh, Dyer and Crittenden 2000) and recalls vegetative dispersal and homothallism, leading to a clonal structure in the sexual lichen fungus Xanthoria parietina (Itten and Honegger 2010) , even if only on small spatial scales (Lindblom and Ekman 2006) . In this case, N. laevigatum may be able to undergo recombination, but only within genomes (i.e. where fertilisation may be a result of selfing), or only rarely across genomes (e.g. mixed mating with only occasional outcrossing, Marra et al. 2004) . For the primarily asexual species N. parile, only six observations of the sexual stage are recorded in Scotland out of nearly 700 records (British Lichen Society Database; Simkin 2012), suggesting that although the species is mainly asexual, rare instances of sexual recombination appear to occur. In support of this hypothesis, multiple allelic pairs for both N. parile and N. laevigatum fail the four gamete test, suggesting recombination among loci. We tentatively conclude that both studied species have mixed reproductive systems. Asexual reproduction is predicted to enhance population persistence via facilitated establishment, but also to reduce genetic variation (Eckert 2001; Barton and Otto 2005; Ronnås et al. 2017) . In lichens, this facilitation occurs because asexual propagules include both the lichenised fungus and the required photobiont, while fungal spores must undergo resynthesis with a free-living photobiont to form a new lichen thallus (Nash 2008) . However, explanations of genetic variation found in apparently asexually reproducing fungal populations involve cryptic sources of diversity (Taylor et al. 2015) , including (i) the occasional (atypical) occurrence of sexual reproduction generating recombination (Tibayrenc and Ayala 2012) , as we suggest may be the case for N. parile or (ii) the occurrence of neutral somatic mutation in vegetative material , which may also occur in this system (15 pairwise MLG comparisons in N. laevigatum and 13 for N. parile represent onestep mutational changes in a single locus). There is a growing body of evidence in many other fungal groups, with a supposedly asexual lifestyle, to show that they have an ability to undergo sexual reproduction (Taylor et al. 2015; Nieuwenhuis and James 2016) .
Patterns of genetic diversity
We found that genetic diversity was significantly related to measured environmental/habitat variables, suggesting microevolutionary responses to landscape context (IBE; Sexton, Hangartner and Hoffmann 2014) . Using neutral variation, we are not in a position to test the adaptive significance of IBE, since either adaptive or non-adaptive processes can lead to non-random gene flow. However, the strength of the Nephroma case-study is a clear difference in the reproductive biology of the two species, which is likely to impact population dynamics.
First, the genetic diversity of N. laevigatum was higher for woodland stands with greater habitat suitability, which can be explained by larger population sizes (Frankham 2005) . This population effect can operate for example at a facilitation stage , by the greater occurrence in suitable habitat of companion cyanolichens that have overlapping photobiont specificity with N. laevigatum (Fedrowitz, Kaasalainen and Rikkinen 2012; Belinchón, Yahr and Ellis 2015) , leading to higher rates of establishment. Alternatively, at a juvenile stage, environmental factors affect growth rates observed for L. pulmonaria (Larsson and Gauslaa 2011; Merinero et al. 2015) and may lead to shorter generation times and higher net reproductive effort for populations in suitable habitat (Eaton and Ellis 2014) .
Second, an increased genetic diversity for N. laevigatum was observed in landscapes with a more continuous habitat structure (i.e. woodland extent as a proxy for connectivity). This is consistent with the more general effect of isolation in limiting both the population size and gene flow among populations, explaining reduced genetic diversity as well as drift-induced differentiation among populations (Eckert, Samis and Lougheed 2008; Frankham, Ballou and Briscoe 2010) . We found that this effect was stronger for the present-day landscape when genetic diversity was measured using H, with a stronger signal for the historic landscape when measured using Ar, as predicted from theory (Allendorf, Luikart and Aitken 2012) . Population genetic diversity as measured by Ar is highly dependent on effective population size (Frankham 1997) , and as such should be a better indicator of past demographic change, explaining its relationship to historic landscape structure. It is also therefore more likely to be linked to evolutionary potential than measures of gene diversity (H) or heterozygosity (Petit, El Mousadik and Pons 1998; Allendorf, Luikart and Aitken 2012) , which can take longer to be affected by habitat fragmentation (Collevatti, Grattapaglia and Hay 2001) .
Third, it was surprising that for the putative asexual N. parile, both measures (H and Ar) indicated decreased genetic diversity for present-day landscapes with discontinuous habitat, as opposed to the legacy of historic landscape change. There has been a gradual historic and ongoing loss of semi-natural woodland habitat in Scotland, including significant losses during the early 20th century to support commercial plantations of nonnative conifer (Ratcliffe 1984; Smout, MacDonald and Watson 2007) . Assuming our result is not an artefact relating to lowresolution detection of landscape-scale processes, we tentatively hypothesise that this more recent period of woodland loss must represent a threshold for N. parile meta-population dynamics, which have been reduced to a point markedly affecting the processes maintaining genetic diversity (Kramer et al. 2008) . The result may thus be attributed to a natural, very patchy distribution of the species in the wider landscape that has consequently only recently become affected by human-induced woodland fragmentation.
Fourth, and perhaps counter-intuitively, genetic diversity decreased for N. parile in regions with higher rainfall. However, unlike the facilitation effect inferred for the establishment of N. laevigatum (Fedrowitz, Kaasalainen and Rikkinen 2012; Belinchón, Yahr and Ellis 2015) , microhabitat constraints to the occurrence of N. parile appear to be relaxed for high-rainfall environments (Belinchón, Yahr and Ellis 2015) . Thus, if a majority of propagules can become established (without needing facilitation) under optimal climatic conditions with high rainfall, suitable microhabitats should become saturated by propagules derived from local dispersal sources (see Ronnås et al. 2017) . In contrast, it is possible that suboptimal drier climates are better viewed as a lottery system, where recruitment is drawn from stochastic and longer-distance propagule dispersal (Clark et al. 2007) , with a lower density of locally sourced propagules. Numerically, this matches with the observation that propagule density declines locally within a stand, away from a propagule source (Walser et al. 2001; Werth et al. 2006a) , but that at a landscape scale, there is a background 'propagule rain' that is related to an accumulated effect of populations across an entire landscape (Gjerde et al. 2015) . In this case, the ratio of local to background propagules will be high for oceanic western sites, and lower for drier and more continental eastern sites.
Environmental genetic structure
As expected, variation within populations was high, corroborating previous studies, which have also shown that genetic structure was mainly affected by local-scale factors in lichen fungi (Otálora et al. 2011; Otálora et al. 2015) . However, our results showed similar and high levels of among-population differentiation for both species. This is consistent with previous studies for L. pulmonaria in disturbed landscapes in Central Europe and Mediterranean Spain, indicating low gene flow structuring populations at a landscape level in fragmented landscapes (Werth et al. 2007; Otálora et al. 2011) . Indeed, we found that genetic structure was not explained by geographic proximity, supporting the importance of environmental variation rather than simple geographic distances in determining fungal genetic differentiation among populations (Nadyeina et al. 2014; Otálora et al. 2015; Dal Grande et al. 2017) .
Accordingly, analyses by DAPC revealed a gradual differentiation of gene pool structure for N. laevigatum and also for N. parile with the exception of an anomalous population at the Dulsie Bridge site. This indicates low genetic subdivision over the sampled geographic range, though with a genetic structure aligned along a strong but continuous climatic gradient from western to eastern Scotland. This compares to the earlier finding of discrete gene pools structured by environmental contrasts at a landscape scale (Nadyeina et al. 2014; Dal Grande et al. 2017) . The rainfall differences between our sites are correspondingly large, varying between <800 mm (eastern) and >2500 mm per annum (western). Overall, the results appear to confirm theoretical biology suggesting that genetic differentiation increases with environmental contrasts, independent of geographic distance (i.e. isolation by environment; Wang and Bradburd 2014) .
Finally, the microsatellite loci were extremely variable, offering a detailed view of population genetic variation and structure (Hedrick 1999) , including high overall population differentiation for both study species, with overlapping confidence limits. Such values of differentiation result from small effective population sizes and low number of migrants among populations. Since both species are relatively rare in the landscape, even quite locally, and the degree of clonality is high, we assume that effective population sizes are low. This is supported by what little census data are available for these species. Belinchón, Yahr and Ellis (2015) exhaustively sampled 10 sites, and the numbers of individual thalli counted ranged from 0 to 141, including multiple individuals on the same tree. Based on this study, up to half of such samples (50 of 191 for NL and 108 of 182 for NP) are likely to be the same genetic individual, suggesting that even these census numbers are probably too high. Without accurate demographic data, effective population sizes are impossible to estimate, but it is clear that barriers to gene flow operate among sampled populations.
CONCLUSIONS
Overall, our findings suggest that genetic diversity and structure are affected by climatic gradients, woodland connectivity and habitat quality. We also demonstrated that clonality and sexual recombination both affect-though to different degrees-the population genetics in species with different primary reproductive modes. The expectation for the effects of clonal reproduction among fungi may represent a continuum across species. The study provided novel information when considering contrasting but ecologically well-characterised species along environmental gradients, to determine the interaction between organismal biology and environmental/habitat setting in affecting population genetics.
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